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It has been shown by the Auger depth profiling technique that the concentration profile at the
initially sharp Si/Ge interface in amorphous Si/Ge multilayers shifted but remained still sharp after
a heat treatment at 680 K for 100 h. At the same time the fast diffusion of Si resulted in the
formation of an almost homogeneous Ge~Si! amorphous solid solution, while there was practically
no diffusion of Ge into the Si layer. This is direct evidence on the strong concentration dependence
of the interdiffusion coefficient in amorphous Si/Ge system, and it is in accordance with the
previous indirect result obtained from the measurements of the decay of the small angle Bragg
peaks, as well as with finite difference simulations. © 2001 American Institute of Physics.
@DOI: 10.1063/1.1331330#Changes in atomic structures of amorphous semiconduc-
tors and their relationships to physical properties are cur-
rently of interest due to their useful optical and electronic
features.1,2 Since most structural changes are related to
atomic diffusion, any real understanding of the structural
transformation, homogenization, etc., must be based on the
knowledge of the diffusion processes. The study of diffusion
in amorphous materials includes some difficulties. One of the
main problems is related to the thermal stability of the amor-
phous phase; the diffusional measurements should be carried
out at low temperatures for very short diffusion times in
order to avoid structural changes due, e.g., to structural re-
laxation. Additionally, in amorphous semiconductors the
mechanism of diffusion is also not fully understood.3–5 Thus,
for example factors controlling the details of diffusional ho-
mogenization in amorphous Si/Ge multilayers are still under
discussion. First of all the diffusional asymmetry ~manifested
in the strong concentration dependence of the interdiffusion
coefficients!,6 the significant pore formation during the dif-
fusional mixing,7 and the possible role of diffusional
stresses8 are the most important factors indicating the need of
a better understanding of the previous process.
In this article interdiffusion in amorphous Si–Ge multi-
layered specimens is studied by Auger depth profiling. The
primary objective of the present investigation is to observe
the predicted asymmetric change of composition caused by
the strong concentration dependence of the diffusion coeffi-
cients. Experimental results, obtained from small angle x-ray
diffraction ~SAXRD! measurements at different average
compositions indicated a strong concentration dependence of
the chemical diffusion parameters.9,10 Although such a
strong concentration dependence inevitably should lead to a
significant curvature on the ln(I/I0) ~I/I0 is the normalized
height of the first order SAXRD peak! versus time plots11
a!Electronic mail: dbeke@delfin.klte.hu8040021-8979/2001/89(1)/804/3/$18.00~and to oscillatory behavior of the higher order peaks!, later
on the experimentally observed curvature was rather attrib-
uted by the same group to the effects of structural relaxation
and coupling back effects of stresses of diffusional origin
were also excluded.12 These effects were theoretically inves-
tigated by Beke et al. using finite difference calculations as-
suming that the binary system is ideal.8,13 It was found, that
for a strong concentration dependence of the intrinsic diffu-
sion coefficients the diffusion profile should have a very
asymmetrical shape: the homogenization took place by sub-
sequent dissolution of Si into the Ge, where the Si homoge-
neously distributed during a relatively short time. On the
other hand, there was practically no diffusion of Ge into Si
~Fig. 1!.
Good quality amorphous Si/Ge multilayers, as was
checked by transmission electron microscope, were prepared
by dc magnetron sputtering6 from elemental targets onto
~001! silicon wafers. The modulation wavelength was de-
signed to range from 10 to 20 nm with nearly equal thickness
of sublayers, which were monitored in situ using vibrating
quartz crystal method. The total thickness of the Si/Ge films
was approximately 60–120 nm. For annealing, the specimen
were placed in high purity ~99.999%! Ar atmosphere. The
annealing treatments were carried out at 680 K to prevent the
crystallization of amorphous Ge.14
The structure of the specimens before ~as received! and
after the heat treatment were determined by Auger depth
profiling by applying a dedicated depth profiling device15
using the following parameters: ion energy 0.8 keV; angle of
incidence ~with respect to the surface normal! 80°; type of
ion Ar1, and the specimen was rotated during ion sputtering.
The sputtering rate of silicon and germanium using these
sputtering conditions are the same16 and thus the sputtering
time can be readily transformed to sputter depth. For Auger
analysis the following Auger peaks have been recorded: Ge
52 eV and Si 92 eV. The small Ge Auger peak of 89 eV© 2001 American Institute of Physics
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rected by assuming that the alloying ~mixing! of Ge and Si
does not influence the peak shapes. The concentration was
calculated by comparing the corrected Si peak with that mea-
sured on pure silicon substrate; correction for backscattering
was made.16
Because of the ion sputtering induced alterations the
measured depth profile is a distorted version of the original
concentration distribution. A recently developed trial and er-
ror method was used to calculate the original concentration
distribution from the measured depth profile.16,17 This
method supposes that the majority of the ion induced alter-
ation is due to ballistic mixing ~which assumption is satisfied
for this case, since the other important distorting process the
surface roughening results in less than 1 nm rms roughness
using the earlier sputtering parameters!,18 which is properly
described by TRIM simulation.17,19 The method also considers
the intrinsic interface roughness or waviness by a Gaussian
broadening.
Figure 2 shows one period of the measured depth pro-
files for the as received and annealed specimens, respec-
tively. It is clear that the structure of specimen changed due
to the annealing; the thickness of the silicon layer decreased,
and the silicon concentration in the germanium layer in-
creased. On the other hand, no germanium could be observed
in the silicon layer. It should be mentioned that silicon was
also present in the germanium layer of the as received speci-
men. This silicon can be attributed to some contamination of
the sputtering system.
FIG. 1. Results of simulations of the diffusion process ~see Ref. 8!; concen-
tration distribution at different annealing time.
FIG. 2. One period of the measured depth profiles for the as-received and
annealed specimens.In the case of the as-received specimen the best agree-
ment between the measured and simulated depth profiles was
obtained by supposing an original structure of 19 nm
Ge~94%!Si~6%! and 17 nm pure Si, and an interface wavi-
ness of 1.8 nm amplitude. Applying this method we deter-
mined the thicknesses of all layers in the specimen ~suppos-
ing the same waviness! to be 18.660.6 and 17.260.5 nm for
the Ge~94%!Si~6%! and pure Si layer, respectively. These
thicknesses slightly differ from the nominal ones ~18 nm
Si/18 nm Ge!. Figure 3 shows the measured and simulated
depth profiles ~assuming the same waviness! for a period of
the depth profiles in the case of the heat treated specimen. In
this case we have obtained, considering all the layers, the
following structure: 21.360.7 nm Ge~86%!Si~14%! and 14
60.5 nm pure Si.
These results clearly show that the diffusion is really
very asymmetric. In accordance with the results of our
calculations8 the silicon could enter into the germanium layer
but the germanium could not diffuse into the silicon. At the
same time, due to the silicon diffusion to germanium, the
germanium layer became thicker and the thickness of Si de-
creased from 17 to 14 nm. It is also clear that during the heat
treatment the sharpness of the interface remained the same,
which is also in accordance with our calculations.8 On the
other hand, our results clearly indicate that the interdiffusion
coefficient should strongly depend on the concentration and
consequently measurements based on the SAXRD of multi-
layers cannot be interpreted by neglecting nonlinear effects
and/or relying, e.g., on the effects of structural relaxation’s
alone. For further discussion see Ref. 20. It is also interesting
to note that surprisingly there is no classical ~bulk! interdif-
fusion result published in crystalline Si/Ge system,21 in
which a similar diffusional asymmetry is expected. In our
opinion this is due to the shift of a sharp interface instead of
getting a flattening concentration profile, as well as, to the
possible mechanical failure of such diffusion couples caused
by the sharp peak of tensile stress in silicon.22
In conclusion the Auger depth profiling technique pro-
vided direct evidence on the asymmetric interdiffusion in
amorphous Si–Ge system. Due to the strong concentration
dependence of the interdiffusion coefficient, the silicon al-
most homogeneously had been distributed in the Ge layer
and there was practically no Ge diffusion into the Si.
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